A library of Tn916-generated, tetracycline-resistant (Tcr) mutants of the group B Neisseria meningitidis strain NMB was screened by using monoclonal antibodies (MAbs) that recognize structural differences in neisserial lipooligosaccharide (LOS). The LOS of parental strain NMB had a relative molecular mass of 4.5 kDa, reacted with MAbs 3Fll and 6B4 but not with MAb 4C4 or 6E4, and contained a lacto-N-neotetrose unit. Two phenotypically stable mutants, SS3 and R6, altered in LOS, were identified by colony immunoblots, electrophoresis, and Western immunoblots. The LOS of mutant SS3 was 3.4 kDa and reacted with MAbs 4C4 and 6E4 but not MAb 3F11 or 6B4. The LOS of mutant R6 was 3.1 to 3.2 kDa and reacted with MAb 6E4 but not MAb 3F11, 6B4, or 4C4. Thus, the LOSs of the R6 and SS3 mutants were predicted to contain different truncations of the core oligosaccharide. The LOS phenotype of each mutant was linked to Tcr, as determined by transformation of the parent strain with DNA from the mutant. Southern hybridizations and single-specificprimer PCR revealed in each mutant a single truncated Tn916 insertion which had lost genes required for mobilization. Tn916 mutagenesis was used to identify two distinct genetic sites in the meningococcal chromosome involved in biosynthesis of the oligosaccharide chain of LOS and to create genetically defined LOS mutants of N. meningitidis and Neisseria gonorrhoeae.
Infections due to Neisseria meningitidis and Neisseria gonorrhoeae remain a major worldwide health problem (12, 18) . Lipooligosaccharide (LOS) is known to be an important virulence component of N. meningitidis and N. gonorrhoeae. The lipid A portion of meningococcal LOS initiates the release of tumor necrosis factor and other cytokines involved in the hypotension and shock of fulminant meningococcemia and the inflammation associated with meningococcal meningitis (20, 34, 35) . The lipid A portion of gonococcal LOS is partially responsible for the inflammation of the human fallopian tube seen in acute gonococcal salpingitis (4) . The oligosaccharide portion of LOS contains antigenic determinants which can be targets for human bactericidal antibodies and others which mimic human glycosphingolipid antigens (5, 14, 33) .
In order to facilitate genetic analysis of meningococcal and gonococcal virulence determinants, including LOS, we have developed a mutagenesis system for meningococci that uses the conjugative transposon Tn916 (11, 28, 31) . Tn916 is a 16.5-kb genetic element originally isolated from an Enterococcus sp. (2) that is self-mobilizing and can be acquired by a wide variety of gram-positive and gram-negative bacteria (2, 31) . Tn916 carries the tetracycline resistance determinant tetM, a gene found in clinical isolates of meningococci and gonococci (12) . In this study, we report the use of the Tn916 mutagenesis system to identify mutants of a group B meningococcal strain that are altered in LOS structure, the initial characterization of these mutants, and the transfer of the LOS mutations to other strains of N. meningitidis and to N. gonorrhoeae.
Bacterial strains and growth media. N. meningitidis strains NMB (CDC 8201085; a serogroup B strain originally isolated from a patient with meningococcal meningitis), 1643 (serogroup B), 269B (serogroup B), and FAM18 (serogroup C) and N. gonorrhoeae strains 1291, PID2, and 1291C have been described previously (3, 11, 28, 30) . Gonococcal strain F62S(JS1) was originally obtained from John Swanson, Laboratory of Microbial Structure and Function, Rocky Mountain Laboratories, Hamilton, Mont., and gonococcal strain FA1090 was obtained from Richard Rest, Department of Microbiology and Immunology, Hahnemann University School of Medicine, Philadelphia, Pa. Meningococcal and gonococcal strains were grown on GC base agar (Difco) supplemented with 1% (vol/vol) IsoVitaleX enrichment (Bethesda Research Laboratories) at 37°C in an atmosphere of 3% CO2. In some experiments, tetracycline (Sigma Chemical Co.) was added to the medium at a final concentration of 5 p,g/ml. Piliation was assessed as previously described (29) . Capsular polysaccharide was assessed by colony immunoblots with monoclonal and polyclonal antibodies (28) . Outer membrane preparations (29) were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 10% acrylamide gels.
Tn916 mutagenesis and screening of the Tn916 mutant library. Tn916 was introduced into wild-type meningococcal strain NMB by transformation (7) . The transposon was delivered by using the plasmid vector pAM120 (2), which does not replicate or insert in the chromosome ofN. meningitidis; hence, it functions as a suicide vector. Tn916 excises from pAM120 and inserts at many different sites in the NMB chromosome, usually at 1 copy per cell, at a frequency of 10-7/Iug of DNA per recipient (11, 28) . Two classes of insertions of Tn916 in meningococci have been characterized (31) . Class I insertions have an intact copy of Tn916 that appears to have transposed Table 1 ).
LOS was prepared (3) from the SS3 and R6 mutants, from the wild-type parent NMB, from the gonococcal pyocin-resistant mutant 1291c, and from gonococcal strain PID2, electrophoresed on polyacrylamide gels, and probed in Western blots (Fig. 1) . The major component of the LOS of the meningococcal parent strain, NMB, had a relative molecular mass of 4.5 kDa, and the major component of the LOS of gonococcal strain PID2 had a similar mass (Fig. 1, left panels) . A minor LOS component of strain NMB, similar in mass to the 3.6-kDa LOS molecule of 1291c, was seen faintly. The SS3 mutant produced a single truncated LOS which migrated at 3.4 kDa. The R6 mutant produced a single LOS with an estimated mass of 3.1 to 3.2 kDa.
MAb 4C4 recognized an epitope on the 3.6-kDa LOS of 1291c (Fig. 1, upper right panel) . The 4.5-kDa LOS of the parent strain, NMB, was not recognized by MAb 4C4. The single LOS of meningococcal mutant SS3 reacted with MAb 4C4 but migrated slightly faster than the LOS of strain 1291c. The LOS of R6 did not react with MAb 4C4. The 4.5-kDa LOS components of NMB and PID2 both reacted with MAb 6B4. MAb 6B4, like MAb 3F11, recognizes the lacto-N-neotetrose unit (Table 1) , but a different epitope (15) . The truncated LOS molecules of R6 and SS3, however, did not react with MAb 6B4 (Fig. 1, lower right panel) . Thus, the LOS of the parent strain NMB was predicted, from molecular size and reactivity with MAbs 6B4 and 3F11, to contain a lacto-N-neotetrose unit, whereas the core oligosaccharide chains of the SS3 and R6 mutants were truncated.
Characterization Figure 3 shows a Southern blot of genomic DNA of the R6 and SS3 mutants digested with HaeIII, BstXI, and Sau3AI and probed with pAM120. No hybridizing fragments were detected in the chromosome of the parent strain NMB (Fig. 3, Sau3AI digest, lane 5) , confirming previous results (11, 28, 31) and demonstrating the specificity of the probe for Tn916. In the HaeIII digestion, a single fragment was noted, which was different in size for the SS3 and R6 mutants. In the BstXI digestion, two unique fragments for each mutant were noted. The chromosome of the randomly selected meningococcal mutant 120A1 contains an intact copy of Tn916 (31 (Fig. 3, Sau3AI digest, lane 4) (31) . Further restriction analysis indicated that in R6, at least 2 kb of the left arm and at least 70% of the right arm of Tn916 have been deleted (data not shown).
To confirm the Southern hybridization results, amplification of the ends of Tn916 and the meningococcal DNA adjacent to the ends of the transposon was attempted by SSP-PCR (25, 31) . No PCR products were obtained from R6 DNA with primers 10 and 13 to the right-or left-arm terminus of Tn916 (see Fig. 2 ) or from SS3 DNA with primer 10 to the left-arm terminus of Tn916. The right-arm terminus of the SS3 mutant appeared intact. No amplification product was obtained by SSP-PCR for the R6 mutant with primer 24, which binds -1.7 kb inside the left-arm terminus. The failure to amplify from arm terminus-specific primers and the finding of fewer-thanpredicted numbers of pAM120-hybridizing restriction fragments supported the conclusion from the Southern hybridization data that much of the transposon arms had been deleted in the R6 mutant. The amplifications also suggested that a deletion of the left arm of the transposon had occurred in mutant SS3 which was not detected by Southern hybridizations. Deletion of the end of the left arm of Tn916 in both the R6 and SS3 mutants would remove all or part of the genes encoding the transposon's excisase and integrase (23) .
Tn916 and adjacent chromosomal DNA in the R6 and SS3 mutants was amplified by PCR with primers which hybridized to more-internal regions of Tn916. When transposon primer 4, internal to the tetM C terminus, was used, a -2.2-kb (HpaII) product was obtained in the R6 mutant. We obtained a -2.9-kb (SstI) product in the SS3 mutant with primer 24 and a -700-bp (Sau3AI) product with primer 31, which binds closer than primer 24 to the left end of Tn916, but no product was obtained with the tetM C-terminal primer 4, presumably because the fragment is too long to be amplified efficiently. Figure 4 shows a schematic representation of the Tn916 inserts in the R6 and SS3 mutants based on the Southern hybridization and PCR data.
Transformation of the R6 and SS3 LOS mutations into other meningococcal and gonococcal strains. The LOS gene(s) inactivated in the R6 and SS3 meningococcal mutants was transferred into the genome of other meningococcal and gonococcal strains by transformation. Genomic DNA from the R6 mutant transformed all meningococcal strains (1643, FAM18, and 269B) and gonococcal strains (1291, F62S, and FA1090) tested to Tcr at frequencies of 10-to 10-5 per recipient. Tcr transformants of these strains had an LOS phenotype identical to that of the meningococcal R6 mutant by SDS-PAGE (Fig. 5) . These data suggested that the gene affected in the R6 mutation is conserved among meningococci and gonococci. DNA from the SS3 mutant transformed meningococcal strains 1643 and FAM18 to Tcr at a frequency of 10-4 per recipient, but no Tcr transformants were obtained when meningococcal strain 269B or gonococcal strains 1291 and F62S were used as recipients of SS3 DNA. The inability to transform was not due to loss of competence, as DNA from a spontaneous spectinomycin-resistant NMB mutant (11) trans- formed all strains at frequencies of 10' to 10-5 per recipient.
DISCUSSION
The lipopolysaccharides of N. meningitidis and N. gonorrhoeae have been characterized chemically (8, 19) , and the molecular basis for expression of neisserial LOS is being actively studied (9, 21) . Meningococcal and gonococcal strains and meningococci and gonococci within a strain may express different LOS components because of alterations in the length of the oligosaccharide chain and/or sialylation of a terminal galactose residue of the chain. Growth conditions and growth phase influence LOS oligosaccharide structure (16, 34 [26a, 28, 32] ). These genetically defined LOS mutants will be useful in studies of pathogenesis. LOS structure is believed to be an important component modulating the bactericidal activity of human serum against pathogenic Neisseria spp. (1, 6, 24, 27) . In preliminary studies, the R6 mutation facilitated killing of gonococci by normal human serum, supporting previous work with pyocin-derived, truncated LOS mutants (6) . The R6 and SS3 LOS mutants may also be useful in the development of meningococcal and gonococcal vaccines.
Additional studies are under way to precisely define the biochemical defects in the oligosaccharide chain of the R6 and SS3 mutants (13, 36) . The Tn916 insertion in the R6 mutant inactivates a gene homologous to the phosphoglucomutase gene of Escherichia coli and is present as a single copy in both N. meningitidis and N. gonorrhoeae (36) . The SS3 mutation eliminates the UDP-glucose 4-epimerase and UDP-NAc glucosamine 4-epimerase activity of the parent meningococcal strain (13) . The inactivated gene has DNA and protein homology to galE.
In summary, our data show that Tn916 mutagenesis synthesis can be used as an important genetic tool for identification of genetic sites involved in LOS biosynthesis in pathogenic Neisseria spp. These LOS mutants can also be used to study the role of LOS structure in meningococcal and gonococcal pathogenesis.
